The sequence of events characterizing the onset and course of exercise-induced angina pectoris was studied in 10 patients with ischemic heart disease during cardiac catheterization. Exercise 
INFORMATION gathered directly from the left ventricle during exercise-induced angina pectoris is scant and contradictory. Co- hen and associates' observed a reduction in systolic ejection rate, whereas left ventricular end-diastolic pressure failed to alter significantly from normal resting values. Parker and associates,2 in a larger series, demonstrated marked elevations of left ventricular enddiastolic pressure in all patients with angina precipitated by exercise, while systolic ejection rate, computed by us from their pubFrom the Cardiopulmonary Branch, Department of Medicine, U. S. Naval Hospital, Philadelphia, Penn- sylvania.
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The present investigation was concemed with the sequence of hemodynamic and electrocardiographic changes that characterize the onset and course of angina pectoris. Attention was directed to those measures of left ventricular function considered to be determinants of myocardial oxygen requirement and to those considered to be estimates of contractility.
Methods
The study was performed on 10 male patients whose ages ranged from 38 to 59. A typical history of recurrent angina pectoris was obtained from each subject. Two had evidence of a previous myocardial infarction. The resting electrocardiogram was normal in three, but all 10 demonstrated typical ischemic ST-segment changes in the postexercise electrocardiogram. Patients were LV dp/dt =left ventricular first derivative (mm Hg/sec), ITI = isovolumic tension stroke/Mr2), LVWI = left ventricular work index (g-m/min/m2), SWI = stroke work index (g-m/beat/m2), BA = brach, ial artery rate (ml/sec/M2).
related to height and slope of the pressure trace.
Because of theoretic objections3 to the use of differentiated max dp/dt from an external manometer-catheter system, an in vivo comparison of this manometer system with the Statham SF-i catheter transducer was performed in the canine heart. After the insertion of both catheters in comparable positions in the left ventricle, simultaneous measurements of left ventricular pressures and derivatives were recorded at paper speeds of 75 mm/sec. Observations were made with a variable heart rate (75 to 150 beats/min), systolic pressure (95 to 190 mm Hg) and max dp/dt (1,000 to 3,000 mm Hg/sec). Comparison of max dp/dt from both systems yielded a coefficient of correlation of 0.964. The response of the conventional catheter system was linear until max dp/dt reached 2,500 mm Hg/sec. Between 2,500 and 3,000 mm Hg/sec, a 5% overestimate was made. These data are similar to those reported by Knoop and associates. Stroke index, stroke work index, left ventricular work index, and mean systolic ejection rate were calculated from standard formulas. 5 The systolic ejection period was measured from the brachial artery pressure curve. The pressure-rate index (left ventricular systolic pressure x heart rate x 10-2)6, 7 was calculated, as was tensiontime index (mean systolic pressure x ejection period x heart rate) 8 and compared with the isovolumic tension index (ITI), which represents the product of the LV dp/dt x heart rate x 10-3. After control measurements were made, each patient was exercised at his previously determined work load for 3 to 5 minutes. Left ventricular pressure, LV dp/dt, and the electrocardiogram were continuously monitored until 5 minutes after exercise. Cardiac output and brachial and pulmonary artery pressures were determined in rapid succession after the second minute of exercise. The progress of angina was noted by marks on the continuous record, using the previously mentioned grading system. Following completion of these hemodynamic studies, coronary arteriography was performed by the Sones technique in six patients. All six patients had greater than 50% obstruction of at least one of the three major coronary arteries.
Results
Data are summarized in table 2.
Angina and Electrocardiographic Changes
Angina appeared in each patient from 1 to 4 minutes after the' onset of exercise. In one patient (R.S.) angina appeared 15 fig. 1 ).
Left Ventricular First Derivative (LV dp/dt) and the Isovolumic Tension lndex (ITI) Left ventricular dp/dt mean value at rest was 1,493 mm Hg/sec and increased to 2,202 mm Hg/sec (47%) with angina. It is of interest that after cessation of exercise there was not the rapid return toward the resting values as was seen with systolic pressure and heart rate. The rise to peak level was progressive from initiation of exercise to the onset of pain ( fig. 2) Figure 2 Left ventricular first derivative increases progressively to peak angina; however, following exercise a prompt return to resting values fails to occur, indicating persisting inotropic activity after excercise.
to angina similar to that of LV dp/dt alone. However, the ITI changed more dramatically (127%) with the onset and progression of angina than either the pressure rate index (an increase of 84%) or the tension-time index (an increase of 79%). Figure 3 demonstrates the comparative changes during angina.
Left Ventricular End-Diastolic Pressure (LVEDP) One of the most impressive changes during exercise was a marked increase in LVEDP (10 to 27 mm Hg). Elevations of above 30 mm Hg were common although in only three patients was the LVEDP abnormal (12 mm Hg) at rest. A considerable proportion of the rise could be attributed to the appearance of a prominent a wave. The increase occurred early in all cases (except F.C., in whom no increase was seen), nearing a maximal value by the first minute of exercise. Elevation of the mean diastolic level could be detected as early as 20 to 30 seconds after starting exercise. In most instances, a maximal end-diastolic pressure was attained prior to the onset of angina; however abnormal ST changes could frequently be detected at peak LVEDP (fig. 4) . The mean systolic ejection rate increased during exercise in five patients. The increase in each of the five patients (a range of 25 to 107%) was normal.9 In four patients there was no change, but in one patient there was a marked reduction of 46 per cent. The mean changes in the systolic ejection rate for the entire group was an increase of 20 per cent ( fig. 5 ).
Discussion
It is known that in connection with anginal pain, changes in blood flow systemic pressure, intracardiac pressures, heart rate, and a variety of derived indices take place. How The most striking finding during the preanginal phase of exercise was an early and precipitous elevation in left ventricular enddiastolic pressure to clearly abnormal levels accompanied by gradual increases in heart rate, systolic pressure, and left ventricular dp/dt. Ischemic R-ST-segment depression appeared almost coincident with angina. With continuation of exercise the left ventricular dp/dt fell slightly, pain increased, and STsegment depression became more marked, but there was no further change in heart rate or pressure. Two minutes after the end of exercise, the left ventricular dp/dt declined only modestly as other hemodynamic values rapidly returned toward normal and pain subsided. Within 4 minutes of the end of exercise, the electrocardiogram had returned to its pre-exercise appearance.
Data obtained during activity, but not continuously, showed an increase in cardiac index, mean systolic ejection rate and pulmonary artery pressure, and a slight decrease in stroke index. Changes in left ventricular work index and stroke work index paralleled those changes in cardiac and stroke index. These observations are generally consonant with other comparable studies,10-13 although both Cohen and associates' and Najmi and associates'4 described subnormal increases in cardiac output while mean systolic ejection rate declined. It must be emphasized, however, that data obtained from average flow rates at one or two arbitrary times during the course of exercise cannot be expected to characterize the developing pattern of a pathophysiological condition.
Recent studies have indicated that the left ventricular dp/dt is a major determinant of myocardial oxygen consumption. Sonnenblick and associates'5 showed large increases in oxygen utilization and left ventricular dp/dt, coincident with a substantial fall in the tension-time index. Monroe'6 established a more specific role of the events occurring during the generation of pressure when he demonstrated that release of myocardial tension midway through the course of systole had little effect on myocardial oxygen consumption, even though the tension-time index was markedly reduced. In this context, it is of interest to note that the left ventricular dp/dt rapidly reaches its peak at the onset of angina, and when the product of left ventricular dp/dt and heart rate (ITI) is heart disease also manifest reduced cardiac compliance. Although heart volume measurements were not obtained, the rapidity with which the end-diastolic pressure increased and declined at the start and conclusion of exercise appears more consistent with increased resistance to filling than acute left ventricular dilatation.
